Summary.
Details of thymocyte proliferation and maturation are important for understanding the variability of T cell functions.
The following aspects need to be clarified in this context: 1) Ascertaining why hematopoietic committed pre-T cells migrating in the blood stream are trapped and proliferate in the subcapsular region of the thymus. Further morphological and functional studies of stromal cells in situ in the thymus should be conducted. The factors responsible for thymocyte proliferation should be also analysed.
2) How phenotypic maturation of thymocytes takes place and how T-cell receptor (TCR) expression is processed and controlled.
3) Subsequently, how does the selection of thymocytes take place ? Is negative selection in fact responsible for the unresponsiveness of the body to self antigens ? Further morphological analyses of thymic epithelial cells, thymocytes themselves and macrophages need to be conducted, together with immunohistochemical analyses using many monoclonal antibodies directed against these cells and the extracellular matrix, in order to analyse the cellular dynamics and cell-to-cell interactions occurring in thymus tissues in situ. 4) How mature thymocytes migrate to the periphery: Perivascular structures and the cells accumulating in this space should be intensively analysed morphologically and phenotypically. Lymphatic structures related to the thymus tissues also remain to be studied. To understand these questions, several useful experimental systems can also be employed: 1) Phylogenetical analyses, 2) ontogenical analyses, 3) thymus tissues regenerating from radiation or thymotoxic drugs, 4) thymomas, and 5) thymus tissues from transgenic animals. These important problems could be further studied in such experimental models both morphologically and immunohistochemically, since many useful tools are now available for studies of phenotypic and other markers of thymo- Recent investigations into thymocyte maturation have shown how T cells acquire the ability to react to many antigens throughout the body. In other words, T cells react to non-self molecules in a manner that is different from B lymphocytes. They can recognize through the T cell receptor (TCR) the antigens together with their own major histocompatibility complex (MHC) antigens.
Prethymocytes arrive at the thymus from the bone marrow and proliferate in the cortex of the thymus. In the early stages of thymocyte development there is no TCR expression. Accessory molecules of T lymphocytes such as CD4 and CD8 molecules are gradually expressed following maturation of the thymocytes. Double negative (CD4-CD8-) thymocytes express CD4 and CD8 antigens (double positive cells). Helper-type T cells only express the CD4 antigen and not the CD8 antigen, while suppressor/cytotoxic-type cells express the CD8 antigen and not the CD4 antigen. Thymocytes express TCR following these changes to the phenotype of the thymocytes. It is thought that thymocytes that express TCR and are highly reactive to their own MHC antigen are eliminated in the thymus (negative selection), thymocytes that express TCR and are weakly reactive to their own MHC antigens, however, proliferate and migrate to the periphery (positive selection) (KAPPLER et al., 1987) . This progression of maturation can be supported by particular structures of the thymus, including several types of thymus cells such as epithelial reticular cells and the extracellular matrix (ECM). The thymus consists of vascular and reticular structures infiltrated with large numbers of proliferating immature and mature types of thymocytes. The vascular structure is essential for the proliferation of thymocytes (Fig. 1) . It provides them with nutrients and eliminates many unnecessary metabolites that are released from these cells. In addition, these vascular structures provide the means by which the humoral effective factors that are released from thymus cells can move into the circulation. Reticular meshworks consist of epithelial reticular cells (Fig. 2) , and mesenchymal reticular cells as well as reticular fibers from these two cell types. Macrophages, dendritic cells, interdigitating cells and thymic nurse cells exist among the reticular cells. These cellular components are considered to be important for the proliferation and maturation of thymocytes into helper and suppressor type thymocytes which express either CD4 or CD8 cell surface antigens (BELLER and UNANUE, 1978 A: x3,300, B: x10,000
easily analysed in phylogenetically immature types of thymuses. In principle, early phylogenetical events may be analysed according to the viewpoints of cell-cell recognition and allorecognition systems, where the prototype of the T cell function originates. Allorecognition systems have been reported to exist in tunicates (FUKE, 1980; RAFTOS and BRISCOE, 1990) . However no particular thymus tissue exists in tunicates, which have notochords and are the closest invertebrates to vertebrates. Obvious thymus tissue can be observed in fish. Therefore the existence of cell membrane molecules that are equivalent to mammalian thymocytes should first be established; accordingly those mechanisms responsible for the proliferation and maturation of thymocytes in the fish thymus will be analysed. For example, the stromal tissue of the fish thymus may play an important role in the proliferation of hematopoietic cells as in the thymus of vertebrates. Thus, a detailed morphological analysis of stromal cells may contribute greatly to the elucidation of the mechanisms underlying T cell proliferation and maturation. In this issue NISHIMURA et al. (1997) reported the phenotypical and morphological analyses on fish thymus.
Secondly, it may be of value to carry out an ontogenetical analysis. Mesodermal-derived connective tissues are thought to induce epithelial cell maturation (LE DOUARIN and JOTEREAU, 1975) . Early events during their formation have been partly analysed in mice, rats (KUNIKI et al., 1988) , sheep (KOTANI et al., 1981) and humans (HAYNES, 1984; VON GAUDECKER, 1986) . Initially the epithelial reticular tissues gather, and then on days 10-15 of gestation in mice and rats, hematopoietic cells migrate to these tissues from the yolk sack. Reticular epithelial tissues express predominant amounts of MHC, particularly the class II type. This expression is considered important for thymocyte maturation. In such early ontogenetical stages, therefore, further morphological and immunohistochemical analyses of reticular epithelial cells using monoclonal and polyclonal antibodies against cell membrane antigens and the extracellular matrix (ECM) may contribute to our understanding of the mechanisms underlying cell maturation.
The senescent thymus in ageing animals may also be important (KENDALL, 1996) .
Thirdly, an analysis has been carried out of thymus tissue that has recovered following its destruction by either irradiation or other thymotoxic substances such as steroids and several immunosuppressive agents. Figure 3 shows an example of the typically involuted rat thymus and a thymus that has recovered from irradiation stained with OX6 (anti-MHC Class II) (KUNIKI et al., 1995) . Most thymocytes disappear from the sublethally irradiated rat thymus and from the remaining thymic epithelial tissues by day 3. On day 5, however, sudden thymocyte formation take place, eventually filling the thymus tissue with an enormous number of thymocytes, as in the normal thymus tissue (KONISHI et al., 1994; TSUCHIDA et al., 1994) . Thus, details of the mechanisms underlying thymocyte proliferation and maturation may not easily be analysed in normal thymus tissue as it is too complicated, while in the much simpler recovering thymus, provided normal thymocyte proliferation and maturation take place, precise morphological analyses may contribute to our understanding of these mechanisms. In this special issue FuJIKURA et al. (1997) described the cellular dynamics that occurred in the irradiated and subsequently recovering rat thymus. Figure 4 shows an example of the experimental system to analyse thymic cell proliferation and maturation using irradiation and allogenic cell transplantation (OHBA et al., 1997) . Fourth, morphological analyses of hyperproliferative thymic tissue such as that which exists in thymomas (EZAKI et al., 1990 ) and of the thymic tissue from myasthenia gravis (BOFILL et al., 1985) are important. MULLER-HERMELINK et al. (1997) reviewed the details of the thymus tissue from thymomas and myasthenia gravis in this special issue.
Fifth morphological analyses of the thymus from transgenic mice with particular deficiencies or with additive proliferative and immunological functions may also provide important information regarding thymocyte proliferation and maturation. Recent studies using a TCR transgenic mouse have greatly accelerated the elucidation of the selection mechanisms during thymocyte maturation (VON BOEHMER, 1992) .
Reticular Epithelial Tissues and the Extracellular Matrix Required for Thymocyte Proliferation
The thymus consists of reticular epithelial cells which are considered to be important for thymocyte proliferation.
Several morphological studies have been carried out on thymic epithelial cells (CLARK, 1963 ; VAN HAELST, 1967; HOSHINO, 1984; USHIKI, 1986) . Intimate morphological interactions between thymic reticular epithelial cells and thymocytes have been observed (UsHIKI, 1986 ). ITO's group advanced the morphological and functional understanding of epithelial reticular cells after establishing cell lines of thymic epithelial cells (ITO et al., 1982) . Further morphological studies on the thymus tissue are required, particularly immunohistological analyses using monoclonal antibodies against either thymocyte membrane antigens or thymic epithelial cells. Figure 1C and Figure 4 show the typical staining patterns of laminin in the rat thymus.
Studies in the fields of vascular endothelial pathology and connective tissue research have greatly advanced in our knowledge on the extracellular matrix (ECM). Many adhesion molecules and cytokines are involved in cell proliferation and maturation in these tissues. Intrathymic thymocyte maturation is considered to be associated with changes in the expression of VLA-molecules (Ruco et al., 1993) . The importance of cell adhesion molecules in intrathymic T cell development was reviewed by PATEL and HAYNES (1993) . Analyses of the extracellular matrix are required to further our understanding of why prothymocytes are trapped or migrate and then proliferate within thymus tissue. I have reviewed the interaction of hematopoietic cells and fetal hepatocytes previously (FUKUMOTO, 1992) . There is a review on the extracellular matrix proteins in intrathymic T-cell migration and differentiation (SAVINO et al., 1993) . In this special issue EZAKI and UEHARA (1997) described thymic nurse cells and the results of a labeling of rat thymus tissue with several antibodies such as those recognizing laminin, fibronectin, desmin and vimentin. In addition, SEIKI and SAKABE (1997) reviewed the importance of hormones in the regulation of the interaction between thymic epithelial cells and thymocytes. 
Morphological
Changes During Cell Proliferation, Cell Death and Thymocyte Maturation Multipotential or T cell committed precursor cells migrate to the cortex of the thymus through the vascular system. They may proliferate, interacting with cells that maintain stromal function. Data on bromodeoxyuridine (BrdU) uptake and proliferative cell nuclear antigen (PCNA) demonstrate frequent cell division occurring in the subcapsular regions of the thymus. However, BrdU positive or PCNA positive cells indicating the occurrence of cell proliferation are observed in either the entire cortical area or the medulla. It is generally thought that only double negative (CD4-CD8 j thymocytes and double positive thymocytes can proliferate. Thus, these BrdU positive or PCNA positive cells could be double negative or double positive cells. We may classify and identify the distribution of proliferating cells as being either double negative or double positive cells, using dual immunohistochemistry or immunoelectron microscopical analyses. Thymocytes may mature in clusters within the thymus. To examine this hypothesis, monoclonal antibodies to CD4, CD8, TCR, CD44, CD69 and CD25 may be useful to detect antigen localization at either the light or immunoelectron microscopy levels. Many researchers have already examined the degree to which the thymocytes of mice, rats and humans mature, as judged by changes in their phenotype using flow cytofluorometry in mice, rats (KONISHI et al., 1994; TSUCHIDA et al., 1994) and humans. This type of examination is quantitatively reliable and can detect even a very low percentage of thymocyte population. However, experiments of this kind have only been carried out using isolated cells prepared from the thymus. Thus, in situ phenotypic analyses using monoclonal antibodies to thymocyte membrane antigens and studied at the light and electron microscopic levels, should provide more information about the order in which thymocyte proliferation and maturation occurs. It may be that several developmental clusters of thymocytes phenotypically different are distributed in the thymus.
We can observe many cells in the thymus that have died due to either necrosis or apoptosis. Light and transmission electron microscopic analyses have revealed various morphological changes of the thymocytes existing in the cortex and medullary regions. Further morphological analyses may clarify the process of cell death and uptake of these dead cells by macrophages. SOGA et al. (1997) described the morphological and phenotypical details of mouse thymic macrophages in relation to thymic cell death in this special issue. Recently WALK et al. (1996) have shown that in transgenic mice, thymocyte apoptosis in neglect occurred throughout the thymus cortex while thymocyte apoptosis induced by cognate self peptides is localized at the corticomedullary junction. An anatomical localization of positive and negative selection has been demonstrated by chimera experiments by MARRACK et al. (1988) . These authors suggested that, positive selection is mediated by thymic epithelial cells in the thymic cortex, while negative selection requires MHC expression by dendritic cells that are abundant in the medulla. DOUEK et al. (1996) have shown that apoptotic thymocytes in mice lacking Mtv superantigens are localized in the cortex of the thymus, while apoptosis induced by cognate selfpeptides can occur in its cortex, medulla or at its corticomedullary regions. In this special issue IsHil et al. (1997) described the effect of glucocorticoid and thymic cell death.
Vascular Structures
Required for Thymocyte Proliferation and Migration
The vascular structure within the thymus consists of arteries and veins which supply a capillary network. There is little literature in which the vasculature of the thymus is discussed in relation to thymocyte maturation and migration. Efferent lymphatic vessels -through which a proportion of mature thymocytes migrates to the periphery-have been shown to exist. The remaining mature thymocytes are thought to migrate through the vein. KOTANI et al. (1966) have shown that thymocytes migrate through efferent lymphatic vessels and veins, but this and the other problems have yet to be solved. The perivascular spaces of the thymic corticomedullary junction are considered to form an important pathway for thymocyte migration. However, neither cellular dynamics nor morphological phenotypical experiments demonstrating thymocytes gathering in perivascular space provide enough evidence for speculating on lymphocyte migration (BEARMAN et al., 1975; USHIKI, 1986) . In this special issue UsHIKI and TAKEDA (1997) described further detailed structure of perivascular space. KATO et al. (1997) considered the afferent lymphatic passage into thymus also in this special issue.
Conclusion
In this review, I have made the point that further precise morphological analyses would contribute greatly to elucidating the mechanisms that underlie thymocyte proliferation and maturation.
The use of immunohistochemical analyses at either the light or electron microscopy level involving the thymocyte itself, reticular epithelial cells, macrophages and the extracellular matrix would be of great value in this quest, as many monoclonal antibodies against each cell of the cell types in the thymus are available (BOYD et al., 1993 (1997, in press ).
